Background: Obesity contributes to disability in older adults, and this is offset by weight loss and exercise. Very Low Calorie Diets (VLCDs) achieve rapid weight loss; however, these have not been rigorously evaluated in older people. Methods: A randomized trial was conducted from August 2012 through December 2015. The intervention was 12 weeks of thrice weekly exercise combined with either healthy eating advice (Ex/HE), hypocaloric diet (Ex/Diet), or VLCD (Ex/VLCD). Outcomes were physical function, measured by 6-minute walk test (6MWT) and De Morton Mobility Index (DEMMI). Other measures were body composition measured by Dual Energy X-Ray Absorptiometry, and nutritional parameters (albumin, vitamins B12 and D, ferritin and folate). Results: 36, 40, and 41 participants were randomized to Ex/HE, Ex/Diet, and Ex/VLCD, respectively. At 12 weeks, weight was reduced by 3.7, 5.1, and 11.1% (p < .01), respectively. Ex/VLCD had significant reduction in fat (16.8%), lean mass (4.8%), and bone mineral density (1.2%), but increased relative lean mass (3.8%). DEMMI improved by 14.25, 14.25, and 13.75 points in Ex/HE, Ex/Diet, and Ex/VLCD, respectively; however, there was no between-group difference (p = .30). 6MWT improved by 53.1, 64.7, and 84.4 meters in Ex/HE, Ex/Diet, and Ex/VLCD (p = .18). Post hoc stratification for gender and adjustment for initial physical function and type 2 diabetes only revealed significant between-group differences for men in the 6MWT, with improvement by 57.8, 77.8, and 140.3 meters in Ex/HE, Ex/Diet, and Ex/ VLCD, respectively (p = .01). Improvements in nutritional parameters were seen in Ex/VLCD, but not in Ex/HE and Ex/Diet. The VLCD was well tolerated. Conclusions: VLCDs have potential in the treatment of obesity in older persons; of particular benefit is improvement in nutritional status. The gait speed improvement observed in men warrants further investigation.
Obesity in older adults is common. A recent survey (1) demonstrated that 38.5% of people over 60 were obese. Obesity contributes to frailty (2) and disability (3, 4) in an ageing population. Weight loss achieved with diet and exercise over the course of 1 year improves physical function in obese older adults (5) . Very Low Calorie Diets (VLCDs) safely achieve rapid and substantial weight loss in younger adults (6) , and this approach is more likely to achieve a pre-determined weight loss target than a gradual approach (7) . However, VLCDs have not been evaluated in older adults. This study compared healthy eating, hypocaloric diet and VLCDs, all combined with exercise, in a 12-week randomized trial of community-dwelling older adults. The effects of these interventions on physical function, anthropometry, body composition, and nutritional parameters were examined. We hypothesized that a more substantial and rapid weight loss achieved with VLCDs would lead to greater improvements in physical function than the other dietary approaches.
Randomization and Blinding
Participants were randomized according to a computer generated algorithm with block size of 4, and stratified by gender and the presence of type 2 diabetes. Assessors blinded to group allocation performed physical function testing; however, for safety reasons the investigator was aware of treatment group.
Baseline Assessments

Physical function
The DEMMI is a 15-item battery, which measures bed, chair and walking mobility, and static and dynamic balance, and the minimal clinically important difference is 7/100 points (8) . The 6MWT is the distance walked on a flat surface over 6 minutes as a sub-maximal test of aerobic capacity. A small and substantial meaningful difference is 20 and 50 meters, respectively (9) .
Body composition
Fat mass, lean mass and bone mineral density were measured with dual-energy x-ray absorptiometry (GE Lunar Prodigy, Madison, WI).
Blood pressure and glucose monitoring
Blood pressure was measured sitting after a 5-minute rest using a mercury sphygmomanometer. Participants with type 2 diabetes were asked to check their blood glucose four times per day.
Nutritional parameters
Vitamin D, Vitamin B12, Red Cell Folate, Albumin and Ferritin were measured using Cobas C and E analyzers (Basel, Switzerland).
Follow-up assessments
All baseline measures were repeated at 12 weeks.
Intervention
Participants were randomly assigned to one of three treatment groups in a 1:1:1 ratio. These were:
• Ex/HE; exercise plus healthy eating advice, • Ex/Diet; exercise plus hypocaloric diet and • Ex/VLCD; exercise plus a VLCD.
Exercise program
Participants undertook the HeartMoves program developed by the National Heart Foundation (Australia). This consisted of a 60-minute aerobics class, incorporating balance, strength, flexibility and endurance exercises. They attended these classes thrice weekly on nonconsecutive days. The HeartMoves program is designed for older people with comorbidities and could be adjusted to a person's physical limitations. This was performed in groups with a trained instructor.
Healthy eating advice
Participants received healthy eating advice from a dietitian, based on the Australian Guide to Healthy Eating (National Health and Medical Research Council, Australia, see Supplementary Material), at the randomization visit only.
Hypocaloric diet
An individually prescribed diet was given to each participant by a dietitian. Estimated energy requirements were calculated using the Harris-Benedict Equation (10) . The diets were nutritionally complete with a 500 kCal/d energy deficit, containing approximately 30% of energy from protein, 30% from fat and 40% from carbohydrates, as calculated using Foodworks Version 8 Software (Xyris, Brisbane, Australia). A sample diet representative of that given to participants is contained in the Supplementary Material.
Very low calorie diet
Two to three meals of the day were replaced with Optifast (Nestle Nutrition), a VLCD preparation commercially available in Australia, purchased by the investigators and provided free to participants. When only breakfast and lunch were replaced, dinner included a small serve of protein plus two cups of non-starchy vegetables with one tablespoon of oil. The participants aimed to lose up to 15% body weight.
Monitoring
Participants visited a physician at the study centre fortnightly, and their weight, waist circumference and blood pressure was measured. Medication use was monitored, and reduction of antihypertensive dosage was recommended if blood pressure was below 120/80 mmHg, to avoid hypotension. Those in Ex/VLCD taking insulin or sulfonylureas had the dosage of these halved, per published guidelines (11) , and further decreased if blood glucose dropped below 5 mmol/L. Attendance at exercise classes was recorded. Dietitian review occurred fortnightly in Ex/VLCD and Ex/Diet.
Statistical analysis
All changes are expressed as percentages, except for changes in DEMMI and 6MWT. Categorical variables were compared using Fisher's exact test. Changes in DEMMI were analyzed using nonparametric methods to account for skew and restricted range of values. The Kruskal-Wallis test was used to test for a difference between groups and Wilcoxon exact tests were used to compare changes within groups. The Hodges-Lehmann estimate and confidence interval are reported as the estimate of location from the Wilcox tests.
Analyses of 6MWT were carried out using least squares regression analyses. Analyses of both physical function measures were adjusted, post hoc, for gender, presence of type 2 diabetes, and baseline physical function. Comparisons of other endpoint changes in continuous outcomes, comparing all three groups, were carried out using one-way analysis of variance (ANOVA). As well as per-protocol/ completers (PP) analysis, intention-to-treat (ITT) analyses were carried out assuming that measures for study dropouts returned to baseline, given the relative brevity of the intervention. SPSS version 22 (Armonk, NY) and R version 3.0.2 (Vienna, Austria) were used for the analyses. Sample size calculations were made on the basis of the DEMMI score using the Kruskal Wallis test. Assuming power of 0.9, alpha of 0.05, attrition of 10% and to detect a difference of 10 points, 66 participants per group were required.
Results
Study Population
Extensive advertisement in print and radio media during the 3-year recruitment period yielded 354 enquiries; however, many were unable to attend thrice weekly exercise. One hundred seventeen volunteers were randomized and 102 (88.7%) completed the study ( Figure 1 ). There were no significant between-group differences in baseline characteristics. 
Adverse Events
Exercise related
One participant fell with head-strike during exercise class, but was cleared of significant injury and continued in the study. Another participant had chest pain during exercise, and was withdrawn by the investigators. Subsequent investigation did not elucidate a cause. 
Diet related
Physical function
At baseline, the median DEMMI score was 74 and 85 points for females and males, respectively. Baseline 6MWT distance was 355 and 417 meters for females and males, respectively. At 12, weeks, in the unadjusted model, there were significant improvements in DEMMI in all groups; 14.25 (95% confidence interval 2.5, 20.5) p = .006, 14.25 (8.5, 22) p = .002 and 13.75 (9.5, 16) p < .001 points in Ex/HE, Ex/Diet, and Ex/VLCD, respectively. There was no significant difference between groups (p = .302). When stratified for gender, changes for females were estimated to be larger than for males and were more significant, although this evidence was not strong enough to suggest a significant difference between gender within groups (Exact Wilcox Rank sum p = .527, .641, .324, respectively). Adjustment for the presence of type 2 diabetes or baseline DEMMI did not produce significantly different results to the unadjusted model (Table 1) .
In the unadjusted model, there were significant improvements in 6MWT in all groups, by 53.1 (28.4, 77.9), 64.7 (46.1, 83.3), and 84.4 (57.0, 111.9) meters in Ex/HE, Ex/Diet and Ex/VLCD, respectively (Table 2) ; however, there were no significant betweengroup differences (p = .178). Stratified for gender, and adjusted for presence of diabetes and baseline 6MWT, improvements in 6MWT were more marked in Ex/VLCD in men (122.7 meters; 75.3, 170.2) than in women (46.4 meters; 20.5, 72.4). The between-group difference in 6MWT was significant in men (one-way p = .011). ITT analysis again revealed similar results attenuated in magnitude.
Anthropometry and body composition
fat were seen. Absolute lean mass was reduced in all groups, but by the greatest degree in Ex/VLCD (4.8%; 3.4, 6.2). Relative lean mass, or lean mass as percentage of body mass, increased in all groups, but by the greatest degree in Ex/VLCD (3.8%; 2.9, 4.8). There was a small but significant decrease in total bone mineral density in Ex/VLCD; 1.23% (0.47, 1.98), p = .002, but no significant changes in the other groups. ITT analyses revealed similar results attenuated in magnitude (Table 3) .
Nutritional parameters
Ex/HE had no significant changes in any nutritional parameter. In Ex/Diet, there was a 9.1% (1.4, 16.7) increase in folate only. Ex/ VLCD had significant improvements in all measured nutritional parameters. There were significant between-group differences in vitamin D (p = .014), vitamin B12 (p < .001), red cell folate (p = .011), and ferritin (p = .030), but not in albumin levels (p = .523) ( Table 4) .
Discussion
In this short study, there were significant improvements in physical function in all three groups, but no between group differences. The DEMMI, validated in community dwelling elders, tests a range of mobility from bridging on bed to standing on toes and tandem stand with eyes closed (12) . Overall, median improvement in DEMMI score was greater than a pre-defined minimal clinically important difference (8) in all groups; however, there were a wide range of changes. The more difficult items in the DEMMI are balance tasks, hence improvement in score mainly reflected improvement in balance. Both weight loss and balance training can improve balance in obese older adults (13) . The provision of exercise including balance training to all participants could be the reason why there was no between-group difference demonstrated; other reasons could be type 2 error or the brevity of the intervention. A specific test of balance, such as the Berg Balance Scale (14) , may have given more detailed results. Normative DEMMI data were used to calculate sample size a priori; however, this number was not reached. This represents a limitation to the study.
There was a substantial meaningful change in 6MWT in all groups. Post hoc analysis revealed marked gait speed improvements in men in Ex/VLCD, the arm in which there was the greatest loss of fat and relative increase in muscle mass. A recent study in older adults (15) demonstrated improvement in aerobic capacity with a weight loss/exercise regimen, and this improvement correlated with reduction in fat mass, increased relative lean mass, and decreased intramuscular lipid. It has been observed that intramuscular lipid is a greater contributor to insulin resistance in men than in women (16) . Given the role of insulin resistance in obesity-related disability (17) , this could explain the differential effect of the VLCD on gait speed in men and women observed in this study. It is important to note; however, that adjustment for gender was not pre-planned, and that the number of men was small (N = 45). Therefore, this finding is not definitive but would warrant further studies with larger numbers of participants.
A feared complication of weight loss in obese older persons is acceleration of age related sarcopenia (18) . Loss of absolute lean mass is almost universal during significant weight loss (19) . However, weight loss combined with exercise improves physical function despite decreased lean mass (5) . Epidemiological studies have demonstrated that increased fat mass, waist circumference and the presence of the metabolic syndrome are associated with functional decline (2, 20, 21) . Conversely, gain in physical function is related to fat loss (22) in obese older adults. Muscle quality (strength/cross sectional area) improves after weight loss and exercise (23) . On an ultrastructural level, weight loss and exercise reduces intramuscular lipid and improves mitochondrial activity, thereby improving muscle insulin sensitivity (24) . It is likely that fat loss, increased relative lean mass, improved muscle quality and insulin sensitivity are more important than absolute lean mass in obese older persons, and the link between body composition and physical function should be further explored. It is unclear whether these body composition changes will have occurred with the same degree of weight loss on a higher carbohydrate diet, though low carbohydrate diets may be superior to higher carbohydrates diets in reducing visceral fat and improving insulin resistance (25) .
There was a small but significant decrease in total bone mineral density in the VLCD group. This was similar in magnitude to that observed in previous studies with similar weight losses (5,26) ; however, no participants were rendered osteopenic. The conventional wisdom that obesity is protective against fractures has been questioned (27) . The combination of high body fat, low relative lean mass and increased inflammatory markers contribute to lower bone quality in this group (28) . Conversely, those who are undergoing caloric restriction with good nutrition have equivalent indices of bone turnover and microarchitecture to those who are not undergoing caloric restriction (29) . The long-term effects of this degree of weight loss on bone mineral density and fracture risk are not known; however, these results underpin the importance of multimodality exercise to offset falls risk and therefore fracture risk. Note: Ex/Diet = exercise plus hypocaloric diet; Ex/HE = exercise plus healthy eating advice; Ex/VLCD = exercise plus a VLCD; ITT = intention to treat; VLCD = Very Low Calorie Diets.
It is important that weight loss diets are nutritionally adequate, and this has only been assessed from studies of dietary records, which yielded conflicting results (30, 31) . Five nutritional markers commonly measured in clinical practice were examined in this study. Optifast VLCD is formulated to contain sufficient protein and micronutrients for healthy younger adults; however, this met half the RDI of vitamin D for persons over 70. Despite this, vitamin D increased by 40% in the VLCD group. Vitamin D deficiency is common in obese persons, due to sequestration of vitamin D in adipose tissue (32) . Increases in vitamin D proportional to fat loss have been observed, mediated by increased expression of enzymes converting 1-25 to 25-hydroxy-vitamin D (33) . The protein intake prescribed in Ex/Diet and Ex/VLCD was 124 g/d and 80 g/d, respectively; however, albumin was maintained in all groups. A previous study has demonstrated that high protein (1.2 g/kg/d) hypocaloric diets are required to maintain serum albumin (34) . A potential explanation for maintenance of albumin in Ex/VLCD could lie in the liver, as many adults with obesity have nonalcoholic fatty liver disease (35) . A rapid decrease in hepatic fat content has been observed on a VLCD (36), potentially improving hepatic synthetic function. Further studies examining the effect of VLCD-induced weight loss on nitrogen turnover would be appropriate.
The study was designed as an initial investigation into the use of VLCDs in older people, over the short period in which they are used in clinical practice for younger adults. Although this study did not demonstrate a between group difference in change in physical function, other, longer term studies (5, 15, 37) have demonstrated that weight loss plus exercise gives greater improvements than exercise alone. Thus, it is important that the longer term effects of the VLCD on physical function, body composition and propensity to weight regain are investigated in future studies.
Conclusions
This study provides some early evidence that VLCDs have potential in the treatment of obesity of older adults. They may be of particular use in those whose obesity immediately impacts their physical function and independence, such that a 12-month regimen is not practicable. The marked improvement in gait speed in men in Ex/VLCD warrants further investigation. The improvement in nutritional parameters in those on the VLCD has important implications in the management of older obese persons with chronic illness or borderline nutritional status.
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